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That non-directional pair-wise atom—atom potentials contain-
ing only attractive (r° dispersion term) and repulsive
(inverse-power or exponential term) contributions are insuf-
ficient to model Cl--Cl interactions in molecular crystals was
appreciated 40 years ago.!! The layered orthorhombic crystal
structures (space group Cmica) of the halogens (Cl,, Br,, L)
cannot be anticipated with isotropic potentials (which would
predict, for example, cubic packings, such as the Pa3 structure
as seen for N,, NO, and CO),[Z] and consideration of
previously postulated quadrupole-quadrupole interactions!”!
did not resolve this issue. Two possibilities have commonly
been invoked to explain these anomalous halogen-atom
contacts. Williams and Hsu proposed that halogen atoms in
molecular crystals are weakly bonded (for Cl---Cl interactions,
this bonding component was estimated to be around 3% of
the energy of a ClI—Cl covalent bond)."! Such bonding was
then considered to be the origin of the crystal anisotropy.
Nyburg and Wong-Ng, on the other hand, proposed a model
that assigned anisotropic non-bonded radii (Scheme 1a) to Cl
atoms in crystals.”! The elliptically shaped atoms were then
related to the origin of the anisotropy in the crystal packing.
Over the years, all interpretations of Cl--Cl interactions in
crystals invoked one or the other of these two models.!
However, it is difficult to distinguish computationally
between them: the Williams model proposes an increased
attraction while the Nyburg model proposes a decreased
repulsion between non-bonded atoms. Is there any real
difference between these situations in an empirical or semi-
empirical computational approach? An experimental analysis
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Scheme 1. Halogen---halogen interactions. a) Polar flattening effect,
showing different atomic radii (r) associated with oppositely polarized
regions along perpendicular directions, b) type-l interactions (6, ~0,),
c) type-ll interactions (6,~180°, 6,~90°), d) X; synthon (6, ~180°,
0,~120°).

is required to differentiate these possibilities, as we pointed
recently for Cl-Cl interactions.”

The geometrical characteristics of halogen-atom interac-
tions (C—X-X—C, X=Cl, Br, I) have been identified as
belonging to two different types (type-I and type-II;
Scheme 1) based on the geometrical C—X--X angles 6, and
6,1 Type-1 interactions (Scheme 1b) are symmetrical and
occur almost always around a crystallographic inversion
centre. These interactions are of the van der Waals type,
such that the shortest among these (for Cl---Cl, shorter than
3.30 A) are actually repulsive. Type-II interactions
(Scheme 1c¢), which are commonly associated with crystallo-
graphic screw axes and glide planes, may be understood
according to a model that assigns a positive polarization in the
polar region of the Cl atom and a negative polarization in its
equatorial region (Scheme 1a). Type-II contacts are then
understood as an attractive CI>*---CI® interaction and corre-
spond to the Williams model. There is circumstantial evidence
that such a depiction is applicable for type-II Cl---Cl
interactions. For example, the likelihood of a type-II inter-
action increases over type-I, on proceeding from Cl to I, in
other words as the halogen atom becomes more polarizable.””)
Also, in unsymmetrical halogen--halogen type-II contacts
(I---Br, Cl---Br, I--Cl), the 6, angle (smaller angle) occurs more
often at the lighter halogen atom, and this is the preferred
possibility in that the heavier halogen is polarized positively
and the lighter halogen negatively.”’ Further, there is ample
evidence of supramolecular synthons of the Cl;, Br;, and I3
type (Scheme 1d) in crystal engineering."”!
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Within this framework, both the Williams and the Nyburg
models are based on the anisotropy of the electron density
around halogen nuclei and this in turn leads to the polar
flattening effect. As depicted in Scheme 1a, this effect is
understood either as arising from different polarizations
(Williams model) or from anisotropic van der Waals radii
(Nyburg model). Accordingly, the distinctive feature between
these two models is the interpretation of the effect (attractive
or repulsive) induced by this anisotropy. In this context, the
crystal structure of hexachlorobenzene, C¢Cl;, and the
isostructural C¢Bry, and C¢ls are interesting. The X--X
contacts in these crystal structures cannot be classified strictly
as being either pure type-I or type-II using geometrical
criteria. As a major feature, triangular X; synthons appear as
important intermolecular building units. The C¢X4 crystal
packing is governed by mt---m and X---X interactions, the X---X
appearing weaker than the st---;t interactions, as shown by the
bending of the C,Cls crystals upon stress application.!!
However, despite their weakness, the directionality of the
XX interactions seems to play a crucial role in achieving a
columnar assembly of stacked CsX4 molecules.

In our inquiry for a better insight into the nature of Cl---Cl
interactions, we undertook the accurate high-resolution X-ray
diffraction analysis of C¢Cls. This compound was selected to
study the fundamental characteristics of halogen--halogen
interactions,'”” namely directionality and strength. In such a
study extremely high-quality experimental data are required
because the interaction of interest is very weak. Atomic
multipolar expansions'”®! were used to reconstruct the crys-
talline charge density o(r). For Cl atoms, two quadrupoles and
two octupoles are the most relevant terms to recover the
observed anisotropic p(r) features in the C,Cly crystal
structure. From the multipolar model, Figure 1 shows the
total electron density, p(r), and the static deformation
electron density with respect to the spherical distribution of
the isolated configuration, 4o(r) =(r)—Pspnerica(r), for the
three independent Cl atoms.

While the p(r) maps in Figure 1 confirm the polar
flattening effect (Scheme 1a), the corresponding Ap(r) maps
show the 6 and &~ regions, as observed in chloranil.™* All
these systematic manifestations indeed have a common
origin—the anisotropic electron distribution that is inherent
in the bonded halogen atom. The three Ap(r) deformations
shown in Figure 1 are qualitatively similar (in the red regions
p(r) is in deficiency with respect to an isolated atom, and in
the blue ones it is in excess). Beyond the extension of the red
zones, the main difference between the Ap(r) deformations is
the dimension and the relative position of the excess electron
density within the torus-like shape around the bonding axis.

In the region of the X; synthon, the Ap(r) map clearly
shows the orientations of the 6~ and 0" regions of the Cl
atoms (Figure 2a). Electron excess and electron deficient
regions face each other along the three synthon edges,
suggesting directional 6*++-0~ interactions and classifying the
X, synthon as a co-operative manifestation of three side-on
type-II interactions. In the regions of the intermolecular
Cl1--Cll, CI2:-CI2, and CI3--CI3 contacts (Figure 2a), the
relative orientation of the polarized 0" and 6~ zones is
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Figure 1. Maps of p(r) (left) and Ap(r) (right) for Cl atoms in the C¢Clg
crystal structure. In the p(r) maps (contours each 0.1 eA™), the r,,,,
and r,;, radii (in A) and the r,;,/rms ratio at the first contour are,
respectively: CI1 (1.42, 1.36, 0.958), Cl2 (1.45, 1.32, 0.910), and CI3
(1.43,1.34, 0.937). The spherical model has a value of r,;,=1.42 A at
the same contour. The Ap(r) iso-surfaces are drawn at +0.05 e A=,
Blue and red indicate positive (electron excess, d7) and negative
(electron deficiency, 0*) regions, respectively.

different, showing a side-side geometry that is accordingly
classified as type-1 (Table 1).

Within the framework of quantum theory, the topological
analysis of the electron density distribution!'”! defines a
unique and complete partition of the molecular space in
basins  that, being separated by zero-flux surfaces S of
o(r),% behave as proper open quantum systems and define
atoms in molecules.'”**) According to this description, an
immediate consequence of a bonding interaction is the
existence of a bond path between the atoms and the
concomitant bond critical point (BCP) along this direction,
where p(r) exhibits a saddle topology. The observation of
BCPs is thus distinctive of interatomic bonding interactions!"!
and the topological properties of p(r) at BCP permit a
characterization of the interaction."”! Six independent BCPs
associated with CI---Cl bonding interactions are observed. The
magnitudes of both the electron density pgcp and the Lap-
lacian ’0opcp are small (0.03 < pgep<0.06 e A3 and 0.3 <
20pcr < 0.6 e A7), falling within the range of very weak
hydrogen bonds.'*?!! In addition to the data quality, the
confidence in these small topological characteristics also
relies on the systematic trends appearing for all six inde-
pendent Cl---Cl interactions even though they are at the limit
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Figure 2. Experimental a) Ap(r) and b) /%0(r) maps in the X; synthon
plane. The three other symmetry related Cl atoms depicted lie 0.33
(Cl2), 0.74 (CI3), and 2.11 (CI1) A out of the synthon plane. Positive
and negative values are represented in blue and red colors. Ap(r) iso-
surfaces are drawn at +0.05 eA~* and /o(r) contours (eA~) in
logarithmic scale. Along with the synthon, side-side Cl---Cl interactions
also appear in (a) and (b); Cl1---Cl1 does not appear in (b) because of
the large out-of-plane distance of the second Cl1 atom. In (b), only
Cl---Cl BCPs (@ symbols) are depicted (cp5 and cp6 are projected on
the plane, and cp4 is not represented). cp =critical point.

of the experimental accuracy® that can be reached nowadays
in experimental charge density analysis.

The 7%0o(r) map plotted on the X; synthon plane
(Figure 2b) indicates the regions where p(r) is locally
concentrated (o(r) <0) or depleted (v/%o(r) >0). While
Cl--Cl interactions in intermolecular regions show />o(r) > 0
(as other types of closed-shell interactions do),"™ /%o(r) < 0is
observed for shared-shell interactions (C—Cl covalent bonds).
Positive and negative regions are also observed around the
nuclei, displaying alternating shells of charge concentration
and depletion.” The valence-shell charge concentration
(VSCC) of each CI atom is thus represented by an outer

Table 1: Cl---Cl interactions in the crystalline C,Clg. o and /%0 are calculated at BCP.

anisotropic region where v7°o(r) <0. The analysis of the
—5/2p(r) function applied to the VSCC of an atom permits an
identification of its local charge concentration (CC) and
charge depletion (CD) zones.”'! Whereas CC regions
appear on both sides of each Cl atom, perpendicular to the
covalent bond axis, CD regions are observed along the bond
axis, behind the nucleus, just in front of the intermolecular
2o(r) >0 region (Figure 2b), as observed in solid Cl,.*¥
Accordingly, the topology of —v/%0(r), with the CC and CD
regions facing each other along the three directions of the
synthon, permits the geometry of the X; synthon to be
predicted. This picture nicely matches the Ap map (Figure 2a)
and the polar flattening effect (Scheme 1a). The CC magni-
tude and the CD depth are related in a straightforward way to
the nucleophile—electrophile interaction.”!! Along the
Cl--Cl bond paths, the local maxima of —v/?o(r) at both
sides of each chlorine nucleus (CC regions) and the values of
the function at the saddle point, placed along its bonding axis
direction behind the nucleus (CD region), are (in eA~%): CI1
(16.3, 17.5, and 5.5), CI2 (15.8, 15.2, and 7.3) and CI3 (16.0,
16.2, and 8.2). In the Cl, synthon, the differences A(—</%0) =
(=V*0) max—(—7°0)saqate corresponding to the CC and CD
regions facing to each other (Figure2) follow the series
Cl1--CI2, CI2--CI3, and CI3--Cll (A(—*0)=10.2, 8.8, and
8.1eA~’, respectively) and parallel the lengthening of their
distances (Table 1). As for CD--CC interactions, bond paths
and BCPs also appear in CC--CC regions, indicating bonding
interactions (Figure 2b).*®! Compared to the CD--CC inter-
actions, the bond paths in the CC---CC regions are, in general,
associated with longer distances”” (Table 1). Indeed, among
the six Cl--Cl interactions, those of type-I fall in a weakness
series as shown by the low values of p and /’0 at BCPs
(Table 1). Further work is under development to obtain a
deeper insight into the bonding features of these weak
interactions.

In summary, halogen---halogen interactions are character-
ized by an anisotropic electron-density distribution around
the halogen nuclei as shown by the experimental p maps.
While both the Williams and the Nyburg models consider this
anisotropy of the electron density as the origin of the halogen
interaction, they differ in the interpretation of its nature
(attractive vs. repulsive). The nature of the type-II interaction
is evidenced when either Ap or ?p distributions are
represented. These distributions clearly indicate that type-II
may be understood as an interaction between nucleophilic (6~
or CC) and electrophilic (6" or CD) regions in adjacent
halogen atoms. Involving, as it does, oppositely polarized
regions in front of each other, the interaction is thus
electrophilic-nucleophilic in nature. To this extent, the p,
Ap, and v/%p distributions lead to a
unique result: type-II interactions
should be unambiguously consid-

cp XX d [A] 6:/0, [°] pleA”)] Vo [eA7] Nature Type ered as attractive, and this is related
1 ch--cl2 3.4343 175/117 0.06 0.6 CD--CC I in a straightforward way to the
2 Cl2--CI3 3.4618 175/124 0.05 0.6 CD--CC I Williams model.

5 Cl2---Cl2 3.6129 126/119 0.04 0.5 CC...CC |

6 CI3---Cl3 3.6238 125/104 0.04 0.5 CC...CC |

3 Cl3-..chh 3.6542 171/123 0.03 0.4 CD---CC I

4 ch--cn 3.8132 132/107 0.03 0.3 CC...CC |

www.angewandte.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 3838 —3841


http://www.angewandte.org

Experimental Section

Single crystals of C¢Cls were grown at 50°C by sublimation. X-ray
diffraction data were collected on a Enraf-Nonius diffractometer
with an APEX-II CCD detector: radiation A(Moy,), T=100(2) K
(Oxford Cryosystems N, open flow cryostat), a="7.9724(2), b=
3.7626(2), c=14.6851(2) A, p=92.456(1)°, V=440.1(1) A>, mono-
clinic space group P2,/n, 90758 reflections collected up to (sin6/
Dmax = 1.2 A7" using o scans (scan width of 1° per frame repeated at
eight different ¢ positions yielding to a completeness of data sets that
exceeds 99.6%). Integration of frames and data reduction were
performed with DENZO program.?® The absorption correction was
carried out by using a Gaussian numerical integration.”™ The
integrated reflections were averaged®™! to 5846 independents
(Ri,=0.041). 2778 reflections having />30(I) were used in the
multipolar least-squares refinement: R1=0.0104, R,=0.0130,
GOF=0.90. The multipolar p(r) model was expanded up to
hexadecapolar order (/=4) for the three independent chlorine
atoms and up to octupolar order (/=3) for the three independent C
atoms. For Cl atoms, most significant multipoles correspond to
Yimeterms with Im +=20,22 +, 31 +, and 33 +. The final p(r) model
was therefore based on multipolar expansions up to octupolar level
(I=3) for C atoms and on these four multipolar terms for Cl atoms.
The (n; ; ) parameters defining the Slater-type radial functions are (2,
2,3 forl=1,2,3;3.0 bohr™") for Cand (4, 6 for /=2, 3;4.4 bohr™") for
Cl. CCDC 710514 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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